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Quantum droplets are small clusters of atoms self-bound by the balance of attractive and repulsive
forces. Here we report on the observation of a novel type of droplets, solely stabilized by contact
interactions in a mixture of two Bose-Einstein condensates. We demonstrate that they are several
orders of magnitude more dilute than liquid helium by directly measuring their size and density
via in situ imaging. Moreover, by comparison to a single-component condensate, we show that
quantum many-body effects stabilize them against collapse. We observe that droplets require a
minimum atom number to be stable. Below, quantum pressure drives a liquid-to-gas transition that
we map out as a function of interaction strength. These ultra-dilute isotropic liquids remain weakly
interacting and constitute an ideal platform to benchmark quantum many-body theories.
Quantum fluids can be liquids – of fixed volume – or
gases, depending on the attractive or repulsive charac-
ter of the inter-particle interactions and their interplay
with quantum pressure. Liquid helium is the prime ex-
ample of quantum fluid. For small particle numbers it
forms self-bound liquid droplets: nanometer-sized, dense
and strongly interacting clusters of helium atoms. Un-
derstanding their properties, which directly reflect their
quantum nature, is challenging and requires a good
knowledge of the short-range details of the interatomic
potential [1, 2]. Very different quantum droplets, more
than 2 orders of magnitude larger and 8 orders of mag-
nitude more dilute, have recently been proposed in ul-
tracold atomic gases [3]. Interestingly, these ultra-dilute
systems enable a much simpler microscopic description,
while remaining in the weakly interacting regime. They
are thus amenable to well controlled theoretical studies.
The formation of quantum droplets requires a balance
between attractive forces, which hold them together, and
repulsive ones that stabilize them against collapse. In
helium droplets, the repulsion is dominated by the elec-
tronic Pauli exclusion principle, which arises from quan-
tum statistics. In contrast, in ultracold atomic droplets
the repulsion stems from quantum fluctuations, which
are a genuine quantum many-body effect. These can be
revealed in systems with competing interactions, where
mean-field forces of different origins almost completely
cancel out and result in a small residual attraction.
There, beyond mean-field effects remain sizeable even in
the weakly interacting regime. To first order they lead to
the Lee-Huang-Yang repulsive energy [4], comparable in
strength to the residual mean-field attraction. Recently,
ultracold atomic droplets have been realized in magnetic
quantum gases with competing attractive dipolar and
repulsive contact interactions [5–10]. In this case, the
anisotropic character of the magnetic dipole-dipole force
leads to the formation of filament-like self-bound droplets
with highly anisotropic properties [9, 11, 12]. Given
the generality of the stabilization mechanism, droplets
should in fact also exist in simpler systems with pure
isotropic contact interactions. Even though they were
originally predicted in this setting [3], their experimental
observation has so far remained elusive.
In this work, we observe ultracold atomic droplets in a
mixture of two Bose-Einstein condensates with compet-
ing contact interactions. While a single-component at-
tractive condensate collapses [13], quantum fluctuations
stabilize a two-component mixture with inter-component
attraction and intra-component repulsion [3]. In this
case, the repulsion in each component remains large and
results in a non-negligible Lee-Huang-Yang energy. The
beyond mean-field repulsion and the residual mean-field
attraction have different density scalings (in three dimen-
sions the energy densities scale as n5/2 vs. n2, respec-
tively). Hence, they can always balance and stabilize
droplets. Unlike their dipolar counterparts, these mix-
ture droplets originate exclusively from s-wave contact
interactions and are therefore isotropic. We demonstrate
the self-bound character of mixture droplets and directly
measure their ultra-low densities and micrometer-scaled
sizes. Moreover, by comparison to a single-component
attractive condensate, we confirm the quantum many-
body nature of their stabilization mechanism. Similarly
to the dipolar case [9], we observe that for small atom
numbers quantum pressure dissociates the droplets and
drives a liquid-to-gas transition. We map out the corre-
sponding phase transition line as a function of interaction
strength and compare it to a simple theoretical model.
Our measurements demonstrate that dipolar and mixture
droplets share fundamental features despite the different
nature of the underlying interactions. Given the sim-
pler microscopic description of mixture droplets, which
includes only well-known contact interactions, they con-
stitute ideal systems to benchmark the validity of com-
plex quantum many-body theories beyond the mean-field
approximation.
We perform experiments with two 39K Bose-Einstein
condensates in internal states |↑〉 ≡ |mF = −1〉 and
|↓〉 ≡ |mF = 0〉 of the F = 1 hyperfine manifold. An
external magnetic field allows to control the interac-
tions parametrized by the intra- and inter-state scat-
tering lengths a↑↑, a↓↓ and a↑↓, see Fig. 1(a). These
have been computed according to the model of ref. [14].
The residual mean-field interaction is proportional to
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FIG. 1. Observation of quantum droplets. (a) Scattering
lengths a (solid lines) and parameter δa = a↑↓ +
√
a↑↑a↓↓
(dashed line) vs. magnetic field B for a 39K mixture in states
|↑〉 ≡ |F = 1,mF = −1〉 and |↓〉 ≡ |F = 1,mF = 0〉. The
condition δa = 0 (dashed vertical line) separates the repul-
sive (δa > 0, grey area) and attractive (δa < 0, white area)
regimes. Inset: schematic view of the experiment. Atoms are
prepared in a plane of a blue-detuned optical lattice created
by two beams intersecting at a small angle, and imaged in
situ with a high numerical aperture objective (≤ 0.97(4) µm
measured resolution, 1/e Gaussian width). (b) Typical im-
ages at time t after removal of the radial confinement. Top
row: expansion of a gaseous mixture (B = 56.935(9) G and
δa = 1.2(1) a0 > 0). Central row: formation of a self-bound
mixture droplet (B = 56.574(9) G and δa = −3.2(1) a0 < 0).
Bottom row: collapse of a single-component |↓〉 attractive
condensate (B = 42.281(9) G and a = −2.06(2) a0 < 0). In
our geometry, quantum pressure cannot stabilize bright soli-
tons. Therefore, the existence of self-bound liquid droplets is
a direct manifestation of quantum many-body effects.
δa = a↑↓ +
√
a↑↑a↓↓. The condition δa = 0 separates
the repulsive (δa > 0) and attractive (δa < 0) regimes.
The experiment starts with a pure condensate in state
|↑〉 loaded in one plane of a vertical blue-detuned lattice
potential, see inset of Fig. 1(a). We choose a trapping
frequency ωz/2pi = 635(5) Hz large enough to compen-
sate for gravity, but small enough to be in the three-
dimensional regime. Indeed, the vertical harmonic oscil-
lator length aho = 0.639(3) µm exceeds the characteristic
length of the hard Bogoliubov excitation branch by typ-
ically a factor of 3 [15]. A vertical red-detuned optical
dipole trap provides radial confinement in the horizontal
plane. In order to prepare a balanced mixture of the two
states, we apply a radio-frequency pulse at B ≈ 57.3 G,
which lies in the miscible regime (δa ≈ 7 a0, where a0
denotes the Bohr radius) [16]. Subsequently, we slowly
ramp down the magnetic field at a constant rate of 59 G/s
and enter the attractive regime δa < 0 [15]. We then
switch-off the vertical red-detuned optical dipole trap, al-
lowing the atoms to evolve freely in the horizontal plane.
The integrated atomic density is imaged in situ at differ-
ent evolution times. We use a high numerical aperture
objective (< 1µm resolution, 1/e Gaussian width) along
the vertical direction and a phase-contrast polarization
scheme [17] which detects both states with almost equal
sensitivity (see Fig. 1(a) and [15]).
Typical images of the mixture time evolution in the re-
pulsive and attractive regimes are displayed in Fig. 1(b).
For δa = 1.2(1) a0 > 0 (top row), the cloud expands pro-
gressively in the plane, as expected for a repulsive Bose
gas in the absence of radial confinement [18]. In contrast,
in the attractive regime δa = −3.2(1) a0 < 0 (central
row), the dynamics of the system is remarkably different
and the atoms reorganize in an isotropic self-bound liquid
droplet. Its typical size remains constant for evolution
times up to 25 ms. In an analogous experiment with a
single-component attractive condensate |↓〉 of scattering
length a = −2.06(2) a0 < 0, the system instead collapses
(bottom row). In our experimental geometry, quantum
pressure can never stabilize bright solitons due to the
presence of a weak anti-confinement in the horizontal
plane [15]. At the mean-field level, the two-component
attractive case has a description equivalent to the single-
component one, provided that the scattering length a is
replaced by δa/2 and the density ratio between the two
components is fixed to n↑/n↓ =
√
g↓↓/g↑↑ [15]. How-
ever, the role of the first beyond mean-field correction is
very different in the two systems, explaining their very
different behavior. In the single-component case, the Lee-
Huang-Yang energy depends on a and in the weakly in-
teracting regime constitutes a negligible correction to the
mean-field term. Its contribution could only be revealed
in strongly interacting systems [19]. In contrast, in the
mixture the mean-field and Lee-Huang-Yang energy den-
sities scale as EMF ∝ δa n2 and ELHY ∝ (√a↑↑a↓↓ n)5/2,
respectively. Since
√
a↑↑a↓↓  |δa|, for typical experi-
mental parameters they balance at accessible atomic den-
sities and stabilize liquid droplets [3]. Therefore, the
existence of liquid droplets is a striking manifestation
of quantum many-body effects in the weakly interacting
regime.
To further characterize the mixture, we perform a
quantitative analysis of the images fitting the integrated
atomic density profiles with a two-dimensional Gaussian
[15]. We extract the atom number N and radial size σr
and infer the peak density n0 = N/(pi
3/2σ2rσz) by assum-
ing a vertical size σz identical to the harmonic oscillator
length aho. Fig. 2(a) (top and central panel) shows the
time evolution of N and σr measured for the interac-
tion parameters of Fig. 1(b). For δa > 0 (red circles)
the gas quickly expands while its atom number does not
vary. Instead, for δa < 0 (blue circles) the system is in
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FIG. 2. Liquid-to-gas transition. (a) Atom number N and radial size σr of the mixture for different evolution times t. The
measurements are taken in the repulsive (δa = 1.2(1) a0 > 0, red circles) and attractive (δa = −3.2(1) a0, blue circles) regimes.
Top panel: while for δa > 0 the atom number in the gas remains constant, for δa < 0 it decreases on a timescale compatible with
three-body recombination [15]. Central panel: the radial size of the droplet remains constant at σr ≈ 6µm, demonstrating its
self-bound nature. In contrast, the size of the gas increases continuously with time. Bottom panel: closer view of σr for δa < 0.
For t > 25 ms the droplet dissociates and a liquid-to-gas transition takes place. The inset displays images corresponding to the
last six points. (b) Radial size σr (top panel) and peak density n0 (bottom panel) vs. N . For δa < 0 and large atom number
both remain approximately constant, as expected for a liquid. For a critical atom number we observe that σr diverges and n0
drops suddenly, signalling the liquid-to-gas transition. In the gas phase, the δa < 0 system behaves as the δa > 0 one. Inset (top
panel): sketch of the phase diagram. In the liquid phase (blue region), observing the mixture at variable evolution times gives
access to different values of N (black arrow). Error bars represent the standard deviation of 10 independent measurements. If
not displayed, error bars are smaller than the size of the symbol. Additionally, N has a calibration uncertainty of 25% [15].
the liquid regime and the radial size of the droplet re-
mains constant at σr ≈ 6µm. Initially its atom number
is N = 24.5(7)× 103, corresponding to a peak density of
n0 = 1.97(8) × 1014 atoms/cm3. We attribute the sub-
sequent decay of the droplet atom number shown in the
top panel of Fig. 2(a) to three-body recombination. The
observed timescale is compatible with the measured den-
sity and effective three-body loss rate [15]. By directly
measuring the density of our droplets we confirm that
they are more than 8 orders of magnitude more dilute
than liquid helium and remain very weakly interacting.
Indeed, the interaction parameters of each component are
extremely small (n↑a3↑↑, n↓a
3
↓↓ ∼ 10−5).
A closer view of the droplet size is displayed in the
bottom panel of Fig. 2(a). At t ∼ 25 ms, σr starts to
increase and the system behaves like the δa > 0 gas.
Following refs. [3, 9, 20, 21], we attribute the dissoci-
ation of the droplet to the effect of quantum pressure,
which acts as a repulsive force. As the atom number
decreases, the relative weight between kinetic (EK) and
interaction energies (EMF, ELHY) changes, for each en-
ergy term scales differently with N : EK ∝ N , EMF ∝ N2
and ELHY ∝ N5/2. Below a critical atom number, kinetic
effects become sufficiently strong to drive a liquid-to-gas
transition. To support this scenario, Fig. 2(b) depicts the
radial size and atomic density as a function of atom num-
ber. For δa < 0 (blue circles) we observe that both size
(top panel) and density (bottom panel) remain constant
at large N . For decreasing atom number, we observe
a point where the size diverges and the density drops
abruptly. This indicates a liquid-to-gas transition, which
takes place at the critical atom number Nc. Below this
value, the attractive gas is still stabilized by quantum
fluctuations but expands due to kinetic effects, similarly
to the repulsive mixture (δa > 0, red circles).
The liquid-to-gas transition is also expected to de-
pend on δa, as sketched in the inset of Fig. 2(b) (top
panel). We explore the phase diagram by tuning the
interaction strengths with magnetic field, see Fig. 1(a).
Fig. 3(a) displays the measured size as a function of the
atom number for magnetic fields corresponding to δa be-
tween −5.5(1) a0 and −2.4(1) a0. The critical number Nc
shows a strong dependence on the magnetic field. The
top panel of Fig. 3(b) presents our experimental determi-
nation of the phase transition line. We observe that Nc
increases when the attraction decreases, confirming that
weakly bound droplets are more susceptible to kinetic
effects and require a larger atom number to remain self-
bound. Fig. 3(a) also yields the droplet size as a function
of atom number and magnetic field. In the bottom panel
of Fig. 3(b) we display the measurements obtained at a
fixed atom number N = 1.5(1)× 104, always larger than
Nc for our interaction regime. As expected, the droplet
size decreases as the attraction increases.
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FIG. 3. Liquid-to-gas phase diagram. (a) Radial size of the mixture σr as a function of atom number N for different magnetic
fields B, from strong to weak attraction (top to bottom). The critical atom number Nc increases as attraction decreases. Solid
lines display the phenomenological fit σr(N) = σ0 +A/(N −Nc) used to locate the liquid-to-gas phase transition. (b) Nc (top
panel) and σr for fixed N = 1.5(1)×104 (bottom panel) as a function of B. The upper horizontal axis shows the corresponding
values of δa. Solid lines are the predictions of an extended Gross-Pitaevskii model without fitting parameters (see main text).
Error bars for σr correspond to the standard deviation of 10 independent measurements. If not displayed, error bars are smaller
than the size of the symbol. Error bars for B and N show the systematic uncertainty of the corresponding calibrations [15].
We theoretically describe the system using a simple
zero-temperature model. It is based on an extended
Gross-Pitaevskii equation that includes both the verti-
cal harmonic confinement and an additional repulsive
Lee-Huang-Yang term. The latter is obtained assuming
the Bogoliubov spectrum of a three-dimensional homoge-
neous mixture [15]. In Fig. 3(b) we compare the experi-
mental results to the predicted critical atom number and
droplet size (solid lines). We find qualitative agreement
for the complete magnetic field range with no adjustable
parameters. In the weakly attractive regime the agree-
ment is even quantitative, similarly to the dipolar Erbium
experiments of ref. [7]. In contrast, when increasing the
effective attraction, the droplets are more dilute than ex-
pected. In particular, their size exceeds the theoretical
predictions by up to a factor of three. This is almost
one order of magnitude larger than our imaging resolu-
tion, excluding finite-resolution effects. Furthermore, the
critical atom number is a factor of two smaller than the
theoretical value. Interestingly, a similar discrepancy was
reported for dipolar Dysprosium droplets, with a critical
atom number one order of magnitude smaller than ex-
pected [9]. In this case, the deviation was attributed to
an insufficient knowledge of the background scattering
length. This explanation seems unlikely in the case of
potassium [15], where excellent interaction potentials are
available [14, 22, 23].
Other physical mechanisms might be responsible for
the diluteness of the observed droplets. Although our
system is three-dimensional, the confinement along the
vertical direction might affect the Lee-Huang-Yang en-
ergy, modifying its density and interaction dependence
or introducing finite-size effects. A description of quan-
tum fluctuations in the dimensional crossover between
two and three dimensions is challenging, and goes be-
yond the scope of this experimental work. Interestingly,
the almost perfect cancellation of the mean-field energy
could reveal other corrections besides the Lee-Huang-
Yang term. Higher-order many-body terms might play
a role, as proposed in ref. [24] for single-component sys-
tems. Taking them into account analytically requires a
good knowledge of the three-body interaction parame-
ters of the mixture, which are non-universal and difficult
to estimate in our interaction regime. Alternatively, our
results could be compared to ab initio quantum Monte
Carlo simulations, as recently performed in ref. [25].
Given the ultra-dilute character and simple microscopic
description of our system, a direct comparison to differ-
ent theoretical approaches could give new insights on yet
unmeasured many-body effects.
Future research directions include studying the
spectrum of collective modes of the droplets [7]. Its
unconventional nature not only provides a sensitive
testbed for quantum many-body theories, but should
also give access to zero-temperature quantum objects [3]
not present in the dipolar case [26]. Our experiments
5should also enable to explore low-dimensional systems,
where the enhanced quantum fluctuations make droplets
ubiquitous [27]. Finally, a coherent coupling between
the two components [28] is expected to yield effective
three-body interactions [29] and provide control over the
density dependence of the Lee-Huang-Yang term.
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SUPPLEMENTARY MATERIAL
A. Experimental details
We produce a pure 39K BEC of 8.0(8) × 104 atoms
in state |↑〉 ≡ |F = 1,mF = −1〉 by sympathetic cool-
ing with 41K. Subsequently, we load the atoms into a
single plane of a vertical blue-detuned optical lattice of
10.7 µm spacing. It is created by the interference of two
532 nm laser beams crossing at 1.43◦. The fraction of
atoms loaded into other planes remains below 10%, as
verified using a matter-wave focusing technique [30]. The
lattice yields a trapping frequency ωz/2pi = 635(5) Hz
along the vertical direction and a weak anti-confinement
in the horizontal plane (estimated to be ∼ 1 Hz in the
most anti-confined direction). During the droplet prepa-
ration sequence the atoms are radially confined by a red-
detuned 1064 nm optical dipole trap. The value of the
radial trapping frequency is adjusted for each magnetic
field in order to avoid exciting collective modes of the
droplets.
For the mixture measurements, we create a balanced
spin mixture of states |↑〉 and |↓〉 ≡ |F = 1,mF = 0〉.
To this end, we apply a radio-frequency (rf) pulse at a
magnetic field B ≈ 57.3 G, which lies in the miscible
regime. The same pulse is used to calibrate the magnetic
field with an uncertainty of 9 mG, given by the linewidth
of the rf transition. The result is corrected for the mean-
field interaction shift by comparison to a thermal gas.
We then perform an 8 ms linear ramp to B ≈ 56.9 G,
corresponding to δa ≈ 0.8 a0. Finally, we ramp down the
magnetic field at a constant rate of 59 G/s to its final
value, after which we remove the radial confinement.
For the single-component experiments, we instead
transfer all the atoms to |↓〉 using a Landau-Zener sweep
centered around B ≈ 46.85 G. The magnetic field is sub-
sequently ramped down in 10 ms to its final value. Below
B = 44.19 G, the scattering length a↓↓ becomes negative
and gives access to a weakly attractive single-component
Bose gas.
B. Inelastic losses
We attribute the observed decay of the droplet atom
number to three-body recombination. To confirm this
hypothesis, we have determined the three-body loss rate
of the system by studying the time evolution of its atom
number and temperature in a deep optical dipole trap
[31]. The measurements have been performed on single-
component thermal clouds of |↑〉, |↓〉, and in mixtures of
different concentrations. For the magnetic field range of
the experiment we find that losses of |↓〉 dominate over
all the other processes and that the effective three-body
loss rate of the mixture is proportional to the fraction of
atoms in this state. For a pure BEC the measured rate
is reduced by 3! [32], yielding Keff3 = 7.5× 10−28 cm6/s.
This value has a systematic uncertainty up to a factor
of 2. The calculated two-body inelastic loss rates, as-
sociated to dipolar relaxation, are sufficiently small to
neglect two-body processes on the timescale of the ex-
periment [33].
C. Imaging and atom number calibration
The main component of our imaging system is an
objective consisting of a meniscus-asphere combination
with a numerical aperture NA= 0.44. We calibrate the
magnification of our imaging system M = 49.6(9) us-
ing Kapitza-Dirac diffraction on a one-dimensional lat-
tice potential. Our imaging resolution is smaller than
0.97(4) µm (Gaussian 1/e width). This upper bound was
determined by measuring the size of a two-component
bright soliton created at B = 54.851(9) G in an optical
dipole trap of radial frequency ωr/2pi = 110(1) Hz.
In order to perform reliable in situ imaging of the
droplets, which have column densities as large as nc ∼
4 × 1010 atoms/cm2, we employ a dispersive polariza-
tion phase-contrast technique [17]. We illuminate the
atoms for 3µs with a probe beam linearly polarized along
a direction perpendicular to the applied magnetic field.
The cloud rotates the polarization by a Faraday angle
θF = cF nc. We record it by inserting a polarizer in a
dark-field configuration before the camera.
6The Faraday coefficients of the two states are cali-
brated in two steps, using single-component BECs. First,
we perform an absolute calibration of the atom num-
ber with an independent time-of-flight absorption imag-
ing system, exploiting the atom number dependence on
the critical BEC temperature. This measurement has
a 25% uncertainty. For each state we then measure
directly the polarization phase shift as a function of
nc, which we vary between 1.5 × 1010 atoms/cm2 and
9×1010 atoms/cm2 by expanding the gas in a single-beam
optical dipole trap. We choose an imaging beam fre-
quency detuned by ∆|↑〉 = −73(1) MHz
(
∆|↓〉 = −105(1)
MHz
)
from the |↑〉 → |mJ′ = −3/2,mI′ = −1/2〉
( |↓〉 →
|mJ′ = −3/2,mI′ = 1/2〉
)
transition, with J the total
electronic angular momentum and I the nuclear spin.
For the magnetic field range of the experiment this
yields nearly identical Faraday coefficients for the two
components cF,↑ = 1.1(1) × 10−11 rad·cm2 and cF,↓ =
1.4(1)× 10−11 rad·cm2, in agreement with polarizability
calculations. Here, the error bars correspond to the sta-
tistical error of the fit. However, the error in the atom
number is limited by the 25% error of the time-of-flight
calibration.
We perform an independent crosscheck of our cal-
ibration procedure exploiting the cycling transition
|F = 2,mF = −2〉 = |mJ = −1/2,mI = −3/2〉 →
|mJ′ = −3/2,mI′ = −3/2〉. To this end, we transfer the
atoms from |↑〉 to |F = 2,mF = −2〉 with a rf pulse be-
fore imaging them on the cycling transition at different
detunings. First, this allows us to compare our two-step
calibration procedure with the two-level system predic-
tions, finding good agreement. Second, by transferring a
variable fraction of atoms to |F = 2,mF = −2〉, we con-
firm the linearity of our imaging scheme and rule out the
existence of collective effects. As a final check, we image
droplets in situ using both imaging schemes. The mea-
sured radial sizes and atom numbers agree within the
quoted error bars, confirming the validity of our calibra-
tion.
D. Data analysis
We extract the atomic density profiles from the raw im-
ages taking into account the intensity of the probe beam
and the transfer function of the polarizer [34]. In order
to obtain the atom number N and radial size σr of the
system, we fit the images with a two-dimensional Gaus-
sian Ne−x
2/σ2x−y2/σ2y/(piσxσy). We find σx/σy ≈ 1 for all
our measurements and therefore we define σr =
√
σxσy.
This fitting function is chosen to simplify the compar-
ison to the theoretical model (see theory section). We
have verified that the zeroth and second moments of raw
images give compatible results for the atom number and
radial size, respectively. Since we do not observe the
size along the vertical direction σz, we assume it to be
identical to the corresponding harmonic oscillator length
aho =
√
h¯/(mωz), with h¯ the reduced Planck constant
and m the mass of 39K. This assumption is supported by
our theoretical model.
We extract the critical atom number Nc by fitting the
N -dependence of the droplet size with the phenomeno-
logical fitting function σr(N) = σ0 + A/(N − Nc). We
have verified that using a different fitting function leads
to changes in Nc well below the atom number calibration
error. Therefore, the error bars in Fig. 3(b) correspond
to the uncertainty of N (25%).
E. Scattering lengths
We use the most recent 39K model interaction poten-
tials for predicting the a↑↑, a↓↓ and a↑↓ scattering lengths
[22], which were recently updated to describe the over-
lapping Feshbach resonances exploited in this work [14].
Throughout the paper, the scattering length error bars
correspond to the experimental uncertainty of the mag-
netic field, and do not take into account the systematic
errors of the scattering model. We believe that the devi-
ations between the theoretical predictions and our mea-
surements are unlikely to stem from errors in the scatter-
ing lengths. Indeed, by modifying them we only observe a
shift of the theoretical predictions with δa, and can never
reproduce the critical atom number and droplet sizes ob-
served for the largest attraction, see Fig. 3(b). Addi-
tionally, we have compared our results to the scattering
lengths predicted by the model interaction potentials of
ref. [23], obtaining similar results [35].
F. Theoretical model
The excitation spectrum of a three-dimensional ho-
mogeneous two component Bose gas consists of two
branches: a (soft) density mode and a (hard) spin mode.
At the mean-field level, the system becomes unstable for
δa = a↑↓ +
√
a↑↑a↓↓ = 0, where the energy of the soft
mode becomes imaginary. However, quantum fluctua-
tions associated to the hard mode prevent the collapse.
The characteristic length scales associated to the two Bo-
goliubov branches are given by ξd = h¯/
(√
2mcd
)
and
ξs = h¯/
(√
2mcs
)
, where cd and cs are the sound veloci-
ties of the density and spin modes, respectively [36].
Following [3] we describe the mixture with an effective
low-energy theory. It consists in a zero-temperature ex-
tended Gross-Pitaevskii equation with an additional re-
pulsive term, which includes the effect of the Lee-Huang-
Yang energy. The corresponding energy functional reads
E = h¯
2
2m
(n↑ + n↓)|∇φ|2 + Vtrap(n↑ + n↓)|φ|2
+ n↑n↓
4pih¯2δa
m
|φ|4
+
256
√
pih¯2
15m
(a↑↑n↑)5/2f
(
a2↑↓
a↑↑a↓↓
,
√
a↓↓
a↑↑
)
|φ|5,
(1)
7with f(x, y) =
∑
±
(
1 + y ±√(1− y)2 + 4xy)5/2 /4√2.
Here, we have assumed identical spatial modes for the
two components
(
Ψ↑ =
√
n↑φ and Ψ↓ =
√
n↓φ
)
, and the
density ratio n↑/n↓ =
√
a↓↓/a↑↑ which minimizes the
energy of the hard mode [3, 27]. Furthermore, we have
included the experimental confinement along the vertical
direction Vtrap =
1
2mω
2
zz
2.
At the mean-field level Eq. (1) is equivalent to a
single-component Gross-Pitaevskii equation provided the
parameter δa is replaced by 2a. It includes however
the additional beyond mean-field term – negligible for a
single-component condensate – which stabilizes the mix-
ture against collapse and is responsible for the forma-
tion of quantum droplets. Since the corresponding har-
monic oscillator length aho typically exceeds ξs by a fac-
tor of three, the Lee-Huang-Yang term has been calcu-
lated assuming the Bogoliubov spectrum of a homoge-
neous three-dimensional system. Thus, it does not take
into account finite-size or dimensional crossover effects
due to the presence of the vertical harmonic confinement.
We obtain the ground state of the system within a
variational approach. We use a Gaussian ansatz φ =
e−r
2/2σ2r−z2/2σ2z for the spatial mode of the two compo-
nents and determine the values of σr and σz which min-
imize the energy. For our experimental parameters, nu-
merically solving the extended Gross-Pitaevskii equation
yields essentially the same results, with deviations well
below the experimental error bars. Therefore, the solid
lines of Fig. 3(b) show the variational predictions. For
the top panel the critical atom number is obtained by
applying to the σr −N curves the same phenomenologi-
cal fit used for the experimental data. We have verified
that including the residual anti-confinement of the op-
tical lattice does not modify appreciably the theoretical
predictions. Furthermore, for deeply bound droplets the
role of the magnetic dipole-dipole interactions (computed
similarly to ref. [12]) can be neglected. We conclude
that none of these effects can explain the discrepancies
between our model and the experimental measurements.
Finally, our theoretical model confirms the absence of
mean-field self-bound solutions in our experimental ge-
ometry. Indeed, quantum pressure can only stabilize the
equivalent of a bright soliton in the presence of a small
confinement in the horizontal plane. Experimentally, we
create a system without any radial confinement by us-
ing a blue-detuned optical lattice potential, which even
provides a weak anti-confinement. Under these condi-
tions, a single-component attractive condensate is ex-
pected to collapse for any atom number, as observed
experimentally. The same behaviour is predicted for a
two-component mixture in the absence of quantum fluc-
tuations.
∗ These authors contributed equally to this work.
† Electronic address: leticia.tarruell@icfo.eu
[1] F. Dalfovo and S. Stringari, Helium nanodroplets and
trapped Bose-Einstein condensates as prototypes of finite
quantum fluids. J. Chem. Phys. 115, 10078 (2001).
[2] M. Barranco, R. Guardiola, S. Herna´ndez, R. Mayol, J.
Navarro, and M. Pi, Helium nanodroplets: An overview.
J. Low Temp. Phys. 142 (2006).
[3] D. S. Petrov, Quantum mechanical stabilization of a col-
lapsing Bose-Bose mixture. Phys. Rev. Lett. 115, 155302
(2015).
[4] T. D. Lee, K. Huang, and C. N. Yang, Eigenvalues and
eigenfunctions of a Bose system of hard spheres and its
low-temperature properties. Phys. Rev. Lett. 106, 1135
(1957).
[5] H. Kadau, M. Schmitt, M. Wenzel, C. Wink, T. Maier, I.
Ferrier-Barbut, and T. Pfau, Observing the Rosensweig
instability of a quantum ferrofluid. Nature 530, 194
(2016).
[6] I. Ferrier-Barbut, H. Kadau, M. Schmitt, M. Wenzel, and
T. Pfau, Observation of quantum droplets in a strongly
dipolar Bose gas. Phys. Rev. Lett. 116, 215301 (2016).
[7] L. Chomaz, S. Baier, D. Petter, M. J. Mark, F. Wa¨chtler,
L. Santos, and F. Ferlaino, Quantum-fluctuation-driven
crossover from a dilute Bose-Einstein condensate to a
macrodroplet in a dipolar quantum fluid. Phys. Rev. X 6,
041039 (2016).
[8] I. Ferrier-Barbut, M. Schmitt, M. Wenzel, H. Kadau, and
T. Pfau, Liquid quantum droplets of ultracold magnetic
atoms. J. Phys. B 49, 214004 (2016).
[9] M. Schmitt, M. Wenzel, B. Bo¨ttcher, I. Ferrier-Barbut,
and T. Pfau, Self-bound droplets of a dilute magnetic
quantum liquid. Nature 539, 259 (2016).
[10] M. Wenzel, F. Bo¨ttcher, T. Langen, I. Ferrier-Barbut,
and T. Pfau, Striped states in a many-body system of
tilted dipoles. arXiv:1706.09388.
[11] F. Wa¨chtler and L. Santos, Quantum filaments in dipolar
Bose-Einstein condensates. Phys. Rev. A 93, 061603(R)
(2016).
[12] D. Baillie, R. M. Wilson, R. N. Bisset, and P. B. Blakie,
Self-bound dipolar droplet: A localized matter wave in free
space. Phys. Rev. A 94, 021602(R) (2016).
[13] E. A. Donley, N. R. Claussen, S. L. Cornish, J. L.
Roberts, E. A. Cornell, and C. E. Wieman, Dynamics
of collapsing and exploding Bose-Einstein condensates.
Nature 412, 295 (2001).
[14] S. Roy, M. Landini, A. Trenkwalder, G. Semeghini, G.
Spagnolli, A. Simoni, M. Fattori, M. Inguscio, and G.
Modugno, Test of the universality of the three-body Efi-
mov parameter at narrow Feshbach resonances. Phys.
Rev. Lett. 111, 053202 (2013).
[15] See Supplementary Materials.
[16] D. S. Hall, M. R. Matthews, J. R. Ensher, C. E. Wieman,
and E. A. Cornell, Dynamics of component separation
in a binary mixture of Bose-Einstein condensates. Phys.
Rev. Lett. 81, 1539 (1998).
[17] C. C. Bradley, C. A. Sackett, and R. G. Hulet, Bose-
Einstein condensation of Lithium: Observation of limited
condensate number. Phys. Rev. Lett. 78, 985 (1997).
8[18] Here and in the following, error bars for the scattering
lengths correspond to the 9 mG experimental uncertainty
of the magnetic field and do not take into account the
systematic uncertainties of the scattering length model.
[19] F. Chevy and C. Salomon, Strongly correlated Bose gases.
J. Phys. B 49 192001 (2016).
[20] R. N. Bisset, R. M. Wilson, D. Baillie, and P. B. Blakie,
Ground-state phase diagram of a dipolar condensate with
quantum fluctuation. Phys. Rev. A 94, 033619 (2016).
[21] F. Wa¨chtler and L. Santos, Ground-state properties and
elementary excitations of quantum droplets in dipolar
Bose-Einstein condensates. Phys. Rev. A 94, 043618
(2016).
[22] C. D’Errico, M. Zaccanti, M. Fattori, G. Roati, M. Ingus-
cio, G. Modugno, and A. Simoni, Feshbach resonances in
ultracold 39K. New J. Phys. 9, 223 (2007).
[23] S. Falke, H. Kno¨ckel, J. Friebe, M. Riedmann, E. Tie-
mann, and C. Lisdat, Potassium ground-state scatter-
ing parameters and Born-Oppenheimer potentials from
molecular spectroscopy. Phys. Rev. A 78, 012503 (2008).
[24] A. Bulgac, Dilute quantum droplets. Phys. Rev. Lett. 89,
050402 (2002).
[25] V. Cikojevic´, K. Dzˇelalija, P. Stipanovic´, L. Vranjesˇ
Markic´, and J. Boronat, Ultradilute quantum liquid
drops. arXiv:1708.01553.
[26] D. Baillie, R. M. Wilson, and P. B. Blakie, Collective
excitations of self-bound droplets of a dipolar quantum
fluid. arXiv:1703.07927.
[27] D. S. Petrov and G. E. Astrakharchik, Ultradilute low-
dimensional liquids. Phys. Rev. Lett. 117, 100401 (2016).
[28] M. R. Matthews, B. P. Anderson, P. C. Haljan, D. S. Hall,
M. J. Holland, J. E. Williams, C. E. Wieman, and E. A.
Cornell, Watching a superfluid untwist itself: recurrence
of Rabi oscillations in a Bose-Einstein condensate. Phys.
Rev. Lett. 83, 3358 (1999).
[29] D. S. Petrov, Three-body interacting bosons in free space.
Phys. Rev. Lett. 112, 103201 (2014).
[30] K. Hueck, N. Luick, L. Sobirey, J. Siegl, T. Lompe, and
H. Moritz, Two-dimensional homogeneous Fermi gases.
arXiv:1704.06315.
[31] T. Weber, J. Herbig, M. Mark, H.-C. Na¨gerl, and R.
Grimm, Three-body recombination at large scattering
lengths in an ultracold atomic gas. Phys. Rev. Lett. 91,
123201 (2003).
[32] Y. Kagan, B. V. Svistunov, and G. V. Shlyapnikov, Ef-
fect of Bose condensation on inelastic processes in gases.
JETP Lett. 42, 209 (1985).
[33] A. Simoni, private communication.
[34] M. Gajdacz, P. L. Pedersen, T. Mørch, A. J. Hilliard, J.
Arlt, and J. F. Sherson, Non-destructive Faraday imag-
ing of dynamically controlled ultracold atoms. Rev. Sci.
Instrum. 84, 083105 (2013).
[35] M. Tomza, private communication.
[36] E. V. Goldstein and P. Meystre, Quasiparticle instabil-
ities in multicomponent atomic condensates. Phys. Rev.
A 55, 2935 (1997).
